The FVB. mdr1a − / − mouse, lacking the small molecule pump P-glycoprotein (P-gp), is a commonly used model for the study of spontaneous T cell -mediated colitis. In addition, MDR1 polymorphisms and P-gp deficiency in humans have been linked to the development of ulcerative colitis. We now demonstrate that mice with P-gp deficiency have decreased levels of Foxp3 + regulatory T cells ( ARTICLES intestines of FVB. mdr1a − / − mice. Interestingly, there were only minor changes in Treg apoptosis and the known gut-homing markers were not altered in a way that would explain the decrease in intestinal Tregs. FVB. mdr1a − / − mice also had no change in Foxp3 + IL-17 + or Foxp3 + IFN-+ cells in the intestinal lamina propria (LP). However, fewer Foxp3 + iTregs developed from naive FVB. mdr1a − / − T cells both upon TGF-treatment in vitro and after adoptive transfer into FVB. rag2 − / − recipients, suggesting that iTregs have altered induction in the absence of P-gp, resulting in an inability to suppress colonic inflammation.
INTRODUCTION
Crohn ' s disease and ulcerative colitis are inflammatory bowel diseases (IBD) that demonstrate chronic inflammation throughout the digestive tract. A recognized animal model of IBD is the p-glycoprotein (P-gp)-deficient FVB mouse. These mice lack the multidrug resistance ( mdr1a ) gene and have been described to spontaneously develop T cell -mediated colitis. 1,2 P-gp is an ATP-dependent, transmembrane small-molecule efflux pump (ABCB1), first described to confer resistance to several chemotherapeutic drugs, and recently linked to caspase-3-dependent apoptosis. 3 -5 P-gp expression has been identified on both epithelial and immune cells, including CD8 + cells and dendritic cells. 6 -10 Although P-gp deficiency has been linked to decreased epithelial barrier function, our lab has recently shown that P-gp deficiency also alters the response of immune cells in FVB. mdr1a − / − mice. 11 Importantly, several polymorphisms of the human mdr1a homolog, MDR1, have been linked to ulcerative colitis, making this a relevant model with which to study the disease. 12 -14 The role of CD4 + regulatory T cells (Tregs) in the development of colitis has become a recent focal point of IBD research. Tregs can be of naturally occurring (nTregs) or induced (iTregs) origin, and are believed to suppress immune activity through several mechanisms, including the secretion of immunosuppressive molecules such as interleukin-10 (IL-10). 15 -17 Both nTregs and iTregs are most commonly identified by the expression of the transcription factor Foxp3 (forkhead box P3). 18, 19 Whereas nTregs arise naturally in the thymus, iTregs are generated in the periphery. Transforming growth factor-(TGF-) has been shown as an important molecule in the induction of iTregs in both mice and humans, and these cells are generated in response to inflammation. 15,20 -23 Both subsets of Tregs, nTreg and iTreg, are believed to play an important role in gut homeostasis and limiting intestinal inflammation. 24, 25 Tregs have also been studied extensively in human IBD. It has been found that although Foxp3 + Tregs are decreased in peripheral blood, Tregs from the colonic mucosa of IBD patients appear to function normally to suppress T effector cell (Teff) proliferation in vitro using a conventional cell contact assay. 26 -28 In addition, treatment of patients with recombinant IL-10, a classic immunosuppressive cytokine produced by Tregs, has not yielded positive results. 29, 30 These observations suggest there could be another deficiency in Tregs unrelated to the number of cells, cell contact inhibition, or the secretion of IL-10 playing a role in human IBD.
In this study, we investigated the function of Tregs from FVB. mdr1a − / − before the development of histological intestinal inflammation. 31 There are normal levels of Foxp3 + Tregs in the spleen and these Tregs are functional in cell contact suppression assays; however, there are fewer CD4 + Foxp3 + cells in the Altered generation of induced regulatory T cells in the FVB. mdr1a − / − mouse model of colitis ARTICLES intestines of FVB. mdr1a − / − mice. Interestingly, there were only minor changes in Treg apoptosis and the known gut-homing markers were not altered in a way that would explain the decrease in intestinal Tregs. FVB. mdr1a − / − mice also had no change in Foxp3 + IL-17 + or Foxp3 + IFN-+ cells in the intestinal lamina propria (LP). However, fewer Foxp3 + iTregs developed from naive FVB. mdr1a − / − T cells both upon TGF-treatment in vitro and after adoptive transfer into FVB. rag2 − / − recipients, suggesting that iTregs have altered induction in the absence of P-gp, resulting in an inability to suppress colonic inflammation.
RESULTS

FVB. mdr1a − / − mice have fewer intestinal Tregs, and FVB. mdr1a − / − Tregs display reduced suppression in vitro
In order to investigate the role of Tregs in the development of colitis in the FVB. mdr1a − / − mouse, we first evaluated the number and percentages of CD4 + Foxp3 + Tregs in the FVB control and FVB. mdr1a − / − mice. Cells were isolated from the spleen, thymus, mesenteric lymph nodes (MLNs), Peyer ' s patches (PPs), small intestinal LP, and colonic LP of 6 -8-weekold mice (before the development of intestinal inflammation) and subsequently stained for CD4 and Foxp3. Total lymphocyte numbers were found to be similar between the two groups in all tissues; however, an increase was observed in the percentage of CD4 + cells in the spleen, PP, and colonic LP ( Figure 1a,b ) . Increased levels of CD4 + cells in FVB. mdr1a − / − mice could indicate early stages of inflammation. Treg percentages in the spleen, thymus, MLNs, and colonic LP were similar between FVB and FVB. mdr1a − / − . Interestingly, FVB. mdr1a − / − mice had significantly fewer CD4 + Foxp3 + cells in the PPs and small intestinal LP ( Figure 1b ). CD4 + Foxp3 + cell numbers mirrored the percentage observations ( Figure 1c ). Although inflammation is seen primarily in the colon in this model, several recent studies have shown that regulatory cell induction in the small intestine is necessary to protect from colitis, leading us to further investigate this decrease in Tregs in the PPs and small intestine. 32, 33 Although P-gp has been shown on CD8 + cells, its expression on CD4 + Tregs is unknown. To test for the presence P-gp expression on Tregs, a real-time PCR assay for the P-gp gene ( Abcb1a ) was performed. Magnetic-activated cell sorting (MACS) isolated CD4 + CD25 + splenocytes expressed significantly higher levels of Abcb1a RNA compared with CD4 + CD25 − cells ( Figure 1d ). Isolated splenic CD4 + CD25 + cells showed ~ 80 % Foxp3 + expression, indicating that a majority of the CD4 + CD25 + cells used for this analysis were indeed Foxp3 + Tregs ( Supplementary Figure S1 online). To test the function of P-gp on splenic CD4 + CD25 + cells, the efflux of Rhodamine-123 (R-123), a fluorescent P-gp-specific substrate, was evaluated, utilizing CD8 + cells as a positive control ( Supplementary Figure S2b online). 7, 34 As seen in Figure 1e , very little flux was observed from the splenic CD4 + CD25 − Teffs, whereas one-third of the splenic CD4 + CD25 + Tregs were capable of fluxing the dye out completely, indicating P-gp activity on this subset of cells. A time course of P-gp functional activity indicated that even after 4 h for R-123 efflux, only a minority of the CD4 + CD25 − cells were able to flux out the R-123 dye ( Supplementary Figure S2a online ). In addition, cells isolated from FVB. mdr1a − / − mice were unable to significantly efflux R-123 ( Figure 1e ).
Because P-gp appears to only be functional on a subset of Tregs, we then evaluated whether the absence of P-gp altered the function of FVB. mdr1a − / − Tregs. To accomplish this, an in vitro cell suppression assay was performed in which splenic FVB and FVB. mdr1a − / − Teffs and Tregs were isolated via MACS and cultured for 96 h in the presence of plate-bound anti-CD3 and soluble anti-CD28. FVB Teffs were cultured with or without FVB or FVB. mdr1a − / − Tregs to compare suppression. Proliferation was measured by 3 H-thymidine incorporation. Although the function of the Tregs in a cell contact -dependent system was important to test, we also wanted to determine what cytokines might be present in this culture system. To test this, cell supernatants were removed from the cells after 72 h of culture and analyzed by a multiplex system for interferon-(IFN-), IL-10, IL-17A, and tumor necrosis factor-(TNF-) ( Figure 2b ). Interestingly, no suppression of IFN-or IL-17A was observed in the presence of either FVB or FVB. mdr1a − / − Tregs. In addition, wild-type FVB Tregs seemed to suppress the secretion of TNF-to a greater extent than FVB. mdr1a − / − Tregs, whereas production of IL-10 was similar.
Increased apoptosis and altered trafficking of Foxp3 + cells does not appear to be responsible for the decrease in Tregs in FVB. mdr1a − / − intestines Although our data indicated that the FVB. mdr1a − / − Tregs that are present can suppress Teff proliferation in vitro , this information did not explain the reduced number and percentages of Tregs that was observed in the FVB. mdr1a − / − PPs and small intestinal LP. It has been shown in human tumors and leukemia cell lines that P-gp can be protective of caspase-induced apoptosis. 4, 5 Therefore, it is possible that Tregs deficient in P-gp may be more susceptible to apoptosis, resulting in fewer Foxp3 + cells. To examine this potential mechanism, sections of intestine were fixed in cold Bouin ' s fixative and stained with fluorescently labeled antibodies for Foxp3 and cleaved caspase-3. Upon observation under the microscope, there were no Foxp3 + cells that were also cleaved caspase-3 + in either the FVB or FVB. mdr1a − / − colonic samples ( Figure 3b ). As a positive apoptosis control, we also analyzed sections of PPs. Multiple cells were positive for cleaved caspase-3; however, none of these were found to be also expressing Foxp3 in either strain ( Figure 3a ) . Because of this very low level of apoptosis seen in vivo , we also wanted to check the sensitivity of Foxp3 + cells to the induction of apoptosis. To test this, cells were isolated, stimulated with anti-Fas ligand (CD95) overnight, and subsequently stained for CD4, Foxp3, and cleaved caspase-3. Cells were then analyzed via flow cytometry ( Figure 3c ). Significant changes were ARTICLES observed in the spleen, MLNs, and PPs, with anti-Fas ligand (CD95) inducing fewer cleaved caspase-3 + apoptotic Foxp3 + cells in the FVB. mdr1a − / − spleen and PPs. This observation would seem to suggest that the FVB. mdr1a − / − mice do not have decreased Foxp3 + cells because of altered sensitivity to apoptosis. However, there was a slight, but significant, increase in Foxp3 + cleaved caspase-3 + cells in the FVB. mdr1a − / − MLNs. The importance of this observation is unclear, as it is unknown if MLNs are required for the presence of Tregs in the small intestinal or colonic LP. No difference in anti-CD95-induced apoptosis was observed between FVB and FVB. mdr1a − / − Foxp3 + cells from the intestinal LP, supporting the conclusion that increased apoptosis in intestinal tissue is not the cause for the decreased Treg numbers.
Another possible mechanism to explain fewer Tregs in the FVB. mdr1a − / − intestine is altered trafficking of Tregs to the intestinal tissues of FVB. mdr1a − / − mice. To test this, we stained cells from the spleen, MLNs, PPs, and intestinal LP for Foxp3 and the intestinal trafficking markers 4 7 , CD103 ( E integrin), CCR6, and CCR9 ( Figure 4a,b ) . The trafficking marker with the most obvious changes in expression was CCR6, which demonstrated significantly increased expression on CD4 + Foxp3 + cells in FVB. mdr1a − / − MLNs, PPs, small intestinal LP, and colonic LP. However, these data should be evaluated in light of the fact that CCR6 was also increased in CD4 + Foxp3 − cells from FVB. mdr1a − / − in these same tissues ( Supplementary Figure  S4 online). Although no striking differences were observed in CCR9 and CD103 on CD4 + Foxp3 + cells in the colonic LP, 
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FVB. mdr1a − / − CD4 + Foxp3 + cells did display a small, but numerically significant, increase in 4 7 and CD103 in small intestinal LP. Based on the magnitude of this change, it not clear that it would have a significant functional effect, especially when it is considered that the mean fluorescence intensity of these trafficking markers was similar between the two strains ( Supplementary Figure S5 online). In addition, FVB. mdr1a − / − Tregs showed a slight, but significant, decrease in 4 7 in PPs and increase of CD103 in splenic Tregs. Total cell numbers for each marker did not show many significant changes ( Figure 4b ). In addition, chemotaxis assays for CCL20 and CCL25, the chemokines for CCR6 and CCR9 respectively, did not show any difference in the functional ability of FVB. mdr1a − / − CD4 + CD25 + cells to traffic. Stromal cell-derived factor-1 (SDF-1 ) was utilized as a positive control to assure trafficking was occurring ( Supplementary Figure S6 online).
Taken together, these data do not explain the significant decrease in CD4 + Foxp3 + Tregs observed in the FVB. mdr1a − / − PPs and small intestine LP, although there is still a possibility that other trafficking phenomena could be playing a role in this model.
P-gp deficiency does not increase Treg plasticity
It has recently been shown in several disease models, including type 1 diabetes and IBD, that Treg cells can convert to other T helper (Th) phenotypes, especially to Th17-like cells. 35 -37 This led us to another possible explanation for a reduction of Tregs in FVB. mdr1a − / − intestines: Foxp3 + cells are converting to secretion of proinflammatory cytokines, making them more like a Th1 or Th17 cell. To test for this, cells were isolated from the spleen, MLNs, PPs, and intestinal LP ( Figure 5 ). Cells were then stimulated with phorbol 12-myristate 13-acetate Images were captured at × 40 magnification, and scale bars = 20 m. ( c ) Cells were isolated from the spleen, mesenteric lymph nodes (MLNs), PP, and intestinal lamina propria (LP) and stimulated for 18 h with 10 g ml -1 anti-CD95 to induce apoptosis. Cells were then stained for CD4, Foxp3, and cleaved caspase 3. Lymphocytes were gated based on forward scatter / side scatter. Cells were pre-gated on CD4 + cells before analysis of Foxp3 and cleaved caspase 3 expression. Note that the high number of apoptotic cells in the LP may be a result of the extensive enzymatic digesting necessary to isolate these cells. Data are shown from one experiment, but are representative of two separate experiments, with 3 -4 male mice, 6 -8 weeks of age in each group per experiment. * P р 0.05; * * P р 0.01; * * * P р 0.001. Mean + s.d. is shown. Figure S7 online) . This is indicative of early inflammation being detected by immune assays in these mice, before it could be detected histologically. Our laboratory has also previously shown that FVB. mdr1a − / − mice have increased INF-and IL-17 mRNA levels in the intestine at a young age. 31 
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FVB. mdr1a − / − CD4 + CD25 − naive T cells fail to become iTregs upon treatment with TGF-
Although P-gp-deficient Foxp3 + Tregs do not have an increased propensity to shift to the production of inflammatory cytokines, it is possible that these mice may have a defect in the induction of iTregs from naive T cells. iTregs can be induced in vitro by treatment with TGF-; however, if IL-6 is also present then Th17 are the predominant T cells produced. 15, 38 As there is an increased percentage of CD4 + cells that produce IL-17 in the Figure 6a ). These data would suggest that FVB. mdr1a − / − CD4 + cells have a reduced ability to become iTregs in the presence of TGF-. To attempt to estimate the number of iTregs and nTregs in vivo , we also looked at the expression of Helios. Although controversial, Helios has been described as a transcription factor that is thought to be expressed in nTreg, but not iTregs. 39 In addition to the cell expression data above, the cytokines secreted by these cells also support the fact that FVB. mdr1a − / − CD4 + CD25 − Teffs seem to be more likely to produce proinflammatory cytokines than FVB cells. Although FVB. mdr1a − / − Teffs secrete more IL-10 when treated with TGF-, FVB. mdr1a − / − Teffs secrete much more IL-17A at baseline and under most treatments. In addition, FVB. mdr1a − / − Teffs also secrete significantly more IFN-under most conditions ( Figure 6b ). There were few differences in cytokine secretion when CD4 + CD25 + Tregs were treated ( Figure 6b ). Lastly, it is important to note that freshly isolated splenic CD4 + Foxp3 − (and CD4 + Foxp3 + ) cells from FVB and FVB. mdr1a − / − express similar levels of the activation markers CD44, CD62L, and CD69, indicating that the activation states of these cells is the same (data not shown). Taken together, these data suggest that naive FVB. mdr1a − / − CD4 + CD25 − cells responded to TGF-by increasing IL-10 and IL-17 production, instead of becoming true Foxp3-expressing iTregs. This mechanism is one explanation for the decrease in CD4 + Foxp3 + cells in the intestines of FVB. mdr1a − / − mice. 
DISCUSSION
Several MDR1 polymorphisms, which decrease P-gp efflux function, have been associated with human IBD. 12 -14 In addition, FVB mice deficient in P-gp also develop a spontaneous, T cell -mediated colitis. 1, 2 Although some studies have shown FVB. mdr1a − / − mice to have altered intestinal barrier function because of P-gp expression in intestinal epithelial cells, a recent study by our laboratory suggests that a hematopoietic component in these animals also plays an important role in disease development. 11, 41, 42 Our current study supports the conclusion that in the absence of P-gp, the CD4 + CD25 + suppression of CD4 + cell proliferation in vitro is suboptimal, and the generation of Foxp3 + cells from CD4 + CD25 − cells both in vitro and in vivo is dramatically inhibited. In order to determine if expression of P-gp on CD4 + CD25 + Tregs could play a role in this defective generation of Foxp3 + cells, we first determined if Tregs expressed P-gp. Indeed, increased levels of Abcb1a (P-gp) RNA were detected in CD4 + CD25 + Tregs, and P-gp activity was detected in a higher percentage of CD4 + CD25 + cells, than in CD4 + CD25 − cells. More importantly, we also observed a decrease in CD4 + Foxp3 + Tregs in the PPs and small intestinal LP of FVB. mdr1a − / − mice ~ 4 weeks before histological intestinal inflammation typically occurs, implying that this could be a potential mechanism leading to the development of disease. However, we did not detect a decrease in CD4 + Foxp3 + Tregs in the colonic LP, although inflammation in the FVB. mdr1a − / − model of colitis is typically limited to the colon. This is intriguing in light of recent studies, which suggest the requirement for induction of Tregs in the small intestine in order to prevent colitis in the dextran sulfate sodium and CD4 + transfer models of colitis. 32, 33 In addition, the development of Th17 cells has also been shown to be regulated in the small intestine, further implicating the small intestine as a vital site of Th cell development, ARTICLES particularly in the FVB. mdr1a − / − , where IL-17 plays a prominent role in colonic inflammation. 43 Although there appear to be fewer Tregs present in the FVB. mdr1a − / − small intestine, these Tregs can suppress Teff proliferation in vitro , although not quite as effectively as wildtype Tregs. In addition, the FVB Tregs can suppress TNFsecretion to a significant level, whereas the FVB. mdr1a − / − Tregs cannot. These two findings indicate that even the Tregs that do get to the colon may not function effectively. Our findings are particularly interesting as it is now clear that in many patients, anti-TNF-therapies are very effective in the treatment of IBD. These anti-TNF-antibodies might be filling a potential void left by defective Tregs in human IBD patients. It has even been reported that anti-TNF-therapy increases the number and It is important to note that freshly isolated splenic CD4 + Foxp3 − (and CD4 + Foxp3 + ) cells from FVB and FVB. mdr1a − / − express similar levels of the activation markers CD44, CD62L, and CD69, indicating that the activation states of these cells is the same (data not shown). Results are representative of two independent experiments, with 3 -4 male mice, 6 -8 weeks of age in each group per experiment. ND, not detected (below detectable level of assay). * P р 0.05; * * , P р 0.01; * * * , P р 0.001. Mean of 3 -4 mice (analyzed separately) + s.d. is shown.
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efficacy of Tregs in IBD patients. 44 These data should warrant further investigation of the interactions between Tregs and TNFin IBD, particularly in patients on anti-TNF-therapeutics. P-gp has been shown to protect tumor and leukemia cell lines from caspase 3 -mediated apoptosis, and a loss of P-gp could make a cell more susceptible to apoptosis. 4, 5 Interestingly, when this was tested in the FVB. mdr1a − / − mice, there was no difference in activated caspase 3 expression on Foxp3 + Tregs, and no difference was observed in Fas / Fas ligand -mediated apoptosis, except in the MLNs. Although we cannot rule out that this slightly increased apoptosis of Foxp3 + cells in the MLNs contributes to the decreased numbers of Tregs in the small intestine, we do not believe the magnitude of this increase is enough to explain the dramatic loss of Tregs in the intestine. In addition, several recent studies have shown that activating caspase 3 may actually increase relative Treg numbers in various disease models, including colitis. 45, 46 Altered trafficking of Tregs could also explain why fewer Foxp3 + cells were present in the intestinal tissues of FVB. mdr1a − / − mice, but no difference was observed in 4 7 , CCR9, or CD103 expression in most cases. The increases in CCR6 in the intestine most likely indicate the presence of an increased number of cells that have encountered antigen. 47 Although our experiments involving trafficking are not exhaustive, the data do suggest that common trafficking mechanisms are not responsible for the decreased Foxp3 + cells. In addition, these data indicate that blocking 4 7 to inhibit Teff migration and intestinal inflammation may also prevent movement of Tregs into the intestine to control disease. 48 This may especially true in patients with the MDR1 polymorphisms, as small intestinal CD4 + Foxp3 + LP cells have increased levels 
of 4 7 , indicating this is an important molecule for Treg trafficking to the gut.
Because increased apoptosis or altered Treg trafficking did not appear to be the cause of reduced intestinal Tregs, we further explored the possibility that there was altered Treg plasticity by testing for the presence of IFN--and IL-17-producing Foxp3 + cells from the spleen, MLNs, PPs, and intestinal LP. It has recently been shown that Foxp3 + cells are capable of secreting proinflammatory cytokines. 37 In addition, it has been demonstrated in a model of type 1 diabetes that Foxp3 + cells can express retinoic acid-related orphan receptor γ t (ROR t) and secrete IL-17, whereas in a model of colitis, Foxp3 + cells have been shown to switch to an IFN--secreting Th1 phenotype in the presence of IL-12 in vitro . 35, 36 These recent studies describing Treg plasticity suggested that FVB. mdr1a − / − Tregs might be shifting to a Th1 or Th17 phenotype in an inflammatory setting. Surprisingly, no difference was observed in the Foxp3 + INF-+ or the Foxp3 + IL-17 + populations when freshly isolated from FVB and FVB. mdr1a − / − animals. Although double-positive cells were detected, particularly in the small intestine, FVB and FVB. mdr1a − / − had similar percentages, thus suggesting that altered Treg plasticity probably is not the cause of lower Treg percentages in the FVB. mdr1a − / − intestine.
Although it does not appear that Foxp3 + cells are shifting to a proinflammatory phenotype, it is possible that the generation of Tregs, particularly iTregs, may be altered, especially in this intestinal environment, which is known to have increased intestinal permeability and increased proinflammatory cytokines in the intestine before inflammation. 31, 42 This inflammatory environment is known to include IL-6, which can shift T cells away from iTreg to a Th17 cell. 38 To examine the generation of iTregs, purified CD4 + CD25 − or CD4 + CD25 + cells were treated with IL-6, TGF-, or IL-6 and TGF-. TGF-is a cytokine known to induce Foxp3 expression and promote iTreg development, and hence the failure of TGF-to induce Foxp3 expression in FVB. mdr1a − / − CD4 + CD25 − cells was particularly surprising. 15 To determine if this failure to induce iTregs was also true in vivo , we have demonstrated that FVB. mdr1a − / − CD4 + CD25 − cells were less able to convert to Foxp3 + iTregs in an adoptive transfer model. Although it is possible that the presence of Foxp3 + cells in the spleen and MLNs is a result of the small contaminating Foxp3 + population (0.3 % ) proliferating and expanding, we do not believe this explains our results. We have observed that FVB. mdr1a − / − CD4 + CD25 + cells demonstrate higher levels of proliferation to in vitro stimulation than FVB CD4 + CD25 + cells, which would imply that if proliferation and expansion of this donor Foxp3 + population was responsible for the in vivo presence of CD4 + Foxp3 + cells in this transfer model, there should be more FVB. mdr1a − / − cells rather than less cells, as observed.
Taken together, these data would suggest that P-gp-deficient T cells are less able to be instructed to become iTregs. Although the mechanism for this inefficient Treg induction is unclear, one possibility can be found based on the knowledge that the normal balance between iTreg and Th17 induction in the presence of TGF-is tipped toward Th17 by the presence of IL-6. 49 It is known that one downstream effect of IL-6 is a dramatic decrease in P-gp expression. 50, 51 We propose that this downregulation is a required step for differentiation into a Th17 cell and blocks efficient differentiation into Tregs. This hypothesis is consistent with our results, as in our mice where P-gp expression is already absent, there is enhanced production of IL-17 and inhibited development of iTregs, even in the absence of IL-6. This hypothesis is also consistent with our observation that CD4 + CD25 + Tregs have increased gene and functional expression of P-gp. We would propose that it is the small percentage of CD4 + CD25 − cells that already express P-gp that are most susceptible to iTreg induction. Definitive experimental testing of this proposal awaits better cell surface markers for P-gp that can be used to sort out the P-gp expressing subsets that would be required. Because it has been shown that both iTregs and nTregs are vital in maintaining immune homeostasis in the intestines, this defect in iTreg generation could certainly be contributing to the inflammation in FVB. mdr1a − / − mice. 25 This study has explored the role of Tregs in the FVB. mdr1a − / − mouse model of colitis, and determined that decreased levels of Tregs, specifically iTregs, is a result of altered T-cell lineage commitment. A deficiency in P-gp seems to prevent iTregs from being induced, particularly in mucosal compartments where iTregs are known to be a significant component of the total Treg population. 52 This information has a direct impact on the human population, as polymorphisms in the human homolog of murine mdr1a, MDR1 , have been linked to IBD. 12 -14 The role of iTregs in MDR1 IBD patients has yet to be explored, and could provide vital information on the best way to treat patients with MDR1-specific polymorphisms. The generation of Tregs ex vivo for transfer back into patients has been explored for the treatment of autoimmune diseases, including IBD. Our data would suggest that it may be difficult to generate these cells from the patients themselves, depending on the mutation that a given patient may have. Tregs in IBD remain a mystery, as Tregs are decreased in peripheral blood, yet appear to have normal cell-contact function when isolated from the colon of patients with active disease. 26 This suggests there may be alternative Treg functional defects in IBD patients, possibly similar to what we now describe in the FVB. mdr1a − / − model. In addition, this information may prove the importance of how patients with various mutations resulting in IBD are treated, and specific treatments based on the polymorphisms may provide more effective medical care in the future. 
including MPV-1, MPV-2, and minute virus of mice; mouse hepatitis virus, murine norovirus, Theiler ' s murine encephalomyelitis virus; mouse rotavirus (epizootic diarrhea of infant mice), Sendai virus; pneumonia virus of mice; reovirus; Mycoplasma pulmonis ; lymphocytic choriomeningitis virus; mouse adenovirus; ectromelia (mousepox) virus; K polyoma virus; and mouse polyoma virus. Testing and other methods were as described at http://main.uab.edu/Sites/ComparativePathology/ surveillance/ .
Cell isolation . Spleen, MLNs, and PPs were removed and cells isolated via single cell suspension by mechanical disruption. To isolate intestinal LP, small intestines and colons were removed, sliced open, and washed several times in Hanks ' balanced salt solution supplemented with 2 % newborn calf serum (HyClone, Logan, UT), L -glutamine (Mediatech, Manassas, VA), penicillin / streptomycin (Mediatech), and 2-mercaptoethanol (Sigma-Aldrich, St Louis, MO). Intestines were then incubated with 0.2 m M EDTA and 0.15 mg ml -1 dithiothreitol (Fisher Scientific, Pittsburgh, PA) with gentle shaking at 37 ° C for 40 min (epithelial cells and intraepithelial lymphocytes were discarded), followed by incubation with 1 mg ml -1 collagenase type IV (Sigma-Aldrich) and 20 g ml -1 DNase1 (Roche, Indianapolis, IN) with stirring at 37 ° C for 40 min. Cells were then filtered through a 100 m stainless steel wire filter and collected at the interface of a 40 % / 75 % Percoll gradient. For some experiments, small intestine and colon (excluding cecum) were prepped and analyzed separately. All cells were rested for 18 h in RPMI supplemented with 10 % fetal calf serum at 4 ° C. RNA isolation and reverse transcriptase-PCR . RNA was obtained from fresh MACS isolated cells using the QIAgen RNeasy RNA extraction kit (QIAGEN, Valencia, CA). Complementary DNA (cDNA) was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Pensburg, Germany). Quantitative real-time reverse transcriptase-PCR was performed using TaqMan Universal PCR Mix (Invitrogen, Grand Island, NY) in combination with Applied Biosystems TaqMan Gene Expression Assay primer probe sets (Applied Biosystems, Carlsbad, CA) for Abcb1a (Applied Biosystems Assay ID Mm00440761_ m1). RNA expression level was calculated using the crossing threshold of detectable fluorescence level as determined by the RT cycler MX3000P (Stratagene, La Jolla, CA). Crossing thresholds were then averaged to get a gene-specific value that was then normalized to the average expression of the 18S housekeeping gene for each strain and experimental condition studied. The 18S housekeeping gene was utilized as the housekeeping gene in this study as published results indicate that it is expressed with relative stability under inflammatory conditions. 53 -55 R-123 flux assay . To measure P-gp, activity, the R-123 flux assay was modified from protocols previously described by Chaudhary et al. 7, 34 Freshly isolated cells were incubated with 100 ng ml -1 R-123 (Invitrogen) for 1 h at 4 ° C. Cells were then washed and incubated with R-123 free media for 1 -4 h at 4 ° C (Loaded control) or 37 ° C (Flux). Cells were then stained for appropriate surface molecules and analyzed immediately via flow cytometry.
Cell proliferation assay . FVB CD4 + CD25 − and FVB or FVB. mdr1a − / − CD4 + CD25 + cells, freshly isolated via MACS as described above, were cultured alone at 2 × 10 6 cells per ml, or co-cultured in 200 l RPMI supplemented with 10 % fetal calf serum, penicillin / streptomycin (Mediatech), L -glutamine (Mediatech), and 2-mercaptoethanol (Sigma-Aldrich) in a 96-well plate coated with 1 g ml -1 anti-CD3 (BD Biosciences) and 0.5 g ml -1 anti-CD28 (BD Biosciences) for 96 h total. Supernatants for enzyme-linked immunosorbent assay and multiplex suspension cytokine array were collected after 72 h of culture and media replaced. Then, 1 Ci 3 H-thymindine (Perkin-Elmer, Waltham, MA) was added for final 24 h of culture. The 3 H-thymidine incorporation was quantitated by harvesting cells on a Perkin-Elmer Filtermate Unifilter-96 Harvester and analyzing on a Perkin-Elmer TopCount NXT scintillation counter using TopCount NXT software.
Apoptosis assays . To test for the presence of apoptotic (activated caspase-3 + ) Foxp3 + cells in the intestine, immunohistochemical techniques were used as previously described. 56 Briefly, tissue was isolated and placed in cassettes. Tissue was then immersion fixed in cold 4 ° C Bouin ' s solution (Fisher Scientific) overnight at 4 ° C, then changed to ethanol, and embedded in paraffin. The tissue was cut into 5-m sections on a microtome and attached to precleaned microscope slides (Snowcoat X-tra; Surgipath, Richmond, IL). To visualize Foxp3 + and activated caspase-3 + cells within the tissue, slides were deparaffinized with CitriSolv (Fisher Scientific) followed by isopropanol, rinsed with DI water, and rehydrated with phosphate-buffered saline (PBS). Endogenous peroxidase was blocked by adding 3 % H 2 O 2 to the slides for 10 min and washing the slides with DI water. Avidin-and biotin-blocking reagents (Avidin-Biotin Blocking Kit; Vector Laboratories, Burlingame, CA) were sequentially incubated on the slides for 15 min at room temperature in a humidity chamber. Slides were washed with PBS after each blocking solution. Slides were incubated at room temperature for 15 min with PBS supplemented with 1 % bovine serum albumin, 0.2 % powdered milk, and 0.3 % Triton X-100 (Blocking Solution), and then the 10 g ml -1 biotinylated Foxp3 (clone FKJ-16s, eBioscience) primary antibody diluted in PBS-BB to 10 g ml -1 was added, and the slides were incubated overnight at 4 ° C. After washing slides in PBS, 2.5 g ml -1 streptavidin-horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA; diluted in Blocking Solution) was incubated on the slide for 30 min at room temperature. Slides were then incubated with FITC Tyramide Amplification Reagent (Perkin-Elmer) for 30 min at room temperature in the dark according to the manufacture ' s protocol. Remaining peroxidase was then blocked by repeating the incubation with H 2 O 2 for 10 min, and then the activated caspase 3 (clone D175, Cell Signaling Technologies, Danvers, MA) primary ARTICLES antibody (diluted 1:250 in Blocking Solution) was added, and the slides were incubated overnight at 4 ° C. After washing slides in PBS, 2.5 g ml -1 donkey anti-rabbit-horseradish peroxidase (Jackson ImmunoResearch) was diluted in Blocking Solution and incubated on the slide for 30 min at room temperature. Slides were then incubated with Cy3 Tyramide Amplification Reagent (Perkin-Elmer) for 30 min at room temperature in the dark according to the manufacturer ' s protocol. This dual tyramide signal amplification (TSA) staining protocol is performed as previously described. 57 After a PBS rinse, slides were counterstained with Hoechst (33342, Sigma, St Louis, MO) to label nuclei. Tissue was visualized using a Ziess AxioScope and images were captured and analyzed using a Ziess AxioCam with AxioVision 4.7 software (Carl Ziess, Peabody, MA).
To investigate sensitivity to apoptosis induction, cells were isolated from the spleen, MLNs, PPs, and LP as described above. 1 × 10 6 cells were then incubated in a round-bottom 96-well plate for 18 h in the presence of 10 g ml -1 anti-CD95 (clone Jo2, BD Biosciences). Cells were then stained for flow cytometry as described above.
Cytokine measurements . Enzyme-linked immunosorbent assays were performed to measure levels of IL-10, IL-17A, and IFN-. Briefly, Immulon 96-well plates (Thermo-Fisher Scientific, Waltham, MA) were coated with capture antibody (4.0 g ml -1 IL-10: clone JES5-2A5, 1 g ml -1 IL-17A: clone TC11-18H10.1, and 0.5 g ml -1 IFN-: clone R4-6A2) overnight at 4 ° C. Plates were then washed and blocked with PBS containing 10 % newborn calf serum. Plates were again washed and culture supernatant or known standard was added for 2 h at room temperature. Standard consisted of seven dilutions and a blank, run in triplicate. Dilutions started at 5 g ml -1 IL-10, 2.5 g ml -1 IL-17, and 5 g ml -1 INF-, and were diluted 1:2. Samples were washed off and the biotinylated detection antibody (0.75 g ml -1 IL-10: clone JES5-16E3, 0.5 g ml -1 IL-17A: clone TC11-8H4, and 1 g ml -1 IFN-: clone XMG1.2) was added for 1 h at room temperature. Plates were washed again, and streptavidin-horseradish peroxidase (Jackson ImmunoResearch) was added for 30 min. Plates were washed for a final time, and 3,3 Ј ,5,5 Ј -tetramethylbenzidine (Thermo Scientific, Rockford, IL) was added and developed for 15 min (IL-17A and IFN-) or 30 min (IL-10). The reaction was stopped by adding H 2 SO 4 and the plates were read on a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA) at 450 nm. All capture and detection antibodies were purchased from BioLegend.
Multiplex analysis of cell culture supernatants was done to measure levels of IFN-, IL-2, IL-10, IL-17A, and TNF-using a Luminex-based Bio-Plex multiplex suspension protein assay (Bio-Rad, Hercules, CA) Bio-Plex Assay kit following the manufacture ' s protocol.
Chemotaxis assay . The T-cell chemokine receptor activation and chemotaxis assay was performed as previously described. 58 Because cell activation increases CD4 + cell chemotaxis, cells were isolated and stimulated before the chemotaxis analysis. CD4 + lymphocytes were isolated from spleens using the BD CD4 + T Lymphocyte Enrichment Kit (BD Biosciences) following the manufacturer ' s protocol. Cells were then plated at 5 × 10 5 cells per well in 200 l RPMI supplemented with 10 % fetal calf serum, penicillin / streptomycin (Mediatech), L -glutamine (Mediatech), 2-mercaptoethanol (Sigma-Aldrich), and 10 ng ml -1 recombinant mouse IL-2 (BioLegend) in a 96-well plate coated with 1 g ml -1 anti-CD3 (BD Biosciences) and 0.5 g ml -1 anti-CD28 (BD Biosciences) and cultured for 48 h at 37 ° C. Cells were then rested in a plate with no CD3 / CD28 stimulation with fresh media and IL-2 for 48 h at 37 ° C. After resting, the cells were washed, counted, and the CD4 + CD25 + population was isolated using the MACS CD4 + CD25 + Cell Isolation Kit (Miltenyi Biotech), following the manufacturer ' s protocol.
Once isolated, the cells were rested for 1 h at 37 ° C to recover from isolation. Then, each well of the upper chamber of the 3.0 m transwell (Millipore, Billerica, MA) was coated with 50 l of 10 g ml -1 bovine plasma fibronectin (Sigma-Aldrich) for 1 h at 37 ° C. Fibronectin was then removed, and upper chambers air dried for 30 min at room temperature. Next, 150 l of chemokine mixture (various concentrations of chemokines used, from 1 to 100 ng ml -1 ) in RPMI supplemented with 0.5 % fetal bovine serum was placed in the bottom chamber. 5 × 10 5 cells in 50 l of RPMI supplemented with 0.5 % fetal bovine serum were placed in the upper chambers. Plates were incubated for 3 h at 37 ° C. Upper chambers were removed, and migrated cells in the bottom wells were counted by hemocytometer to determine the number of cells migrated.
Cell culture . To investigate Treg plasticity and iTreg induction, splenic CD4 + CD25 − and CD4 + CD25 + cells were isolated and separated as described above. 3 × 10 5 freshly separated cells were then added to a 96-well flat-bottom plate coated with anti-CD3 (1 g ml -1 ) and anti-CD28 (0.5 g ml -1 ) for 72 h at 37 ° C in media alone, or in the presence of 5 ng ml -1 recombinant human TGF-, 25 ng ml -1 recombinant mouse IL-6, or 10 ng ml -1 recombinant mouse IL-1 (or combinations of those cytokines). After 72 h, cells were rested in fresh media for 24 h, and then stained as described above. All cytokines were purchased from BioLegend.
